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ABSTRACT 
f  Secret] 


The  Madre  radar  was  operated  on  February  15,  1962, 
to  observe  a  USAF  KC-135  aircraft  over  the  North  Atlantic 
Ocean  at  ranges  of  500  to  about  900  nautical  miles.  HF  prop¬ 
agation  conditions  were  unusual  during  the  critical  portions 
of  the  flight,  and  four  ionospheric  reflection  layers  were 
supported,  a  situation  which  provided  data  for  multipath 
analysis.  The  analysis  shows  that  in  conditions  of  multipath 
propagation  it  is  possible  to  resolve  the  paths  and  to  obtain 
goodover-the-ground  ranges  to  targets  and  good  true  radial 
speed.  Multipath  conditions  result  in  recording  errors 
smaller  than  the  range  equivalent  of  the  pulse  length. 

PROBLEM  STATUS 

This  is  an  interim  report  on  one  phase  of  the  problem; 
work  is  continuing  or.  this  and  other  phases. 
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VERY  LONG  RANGE,  OVER-THE-HORIZON  DETECTION 
OF  AIRCRAFT  WITH  THE  MADRE  RADAR 

PART  4  -  OBSERVATIONS  OF  FEBRUARY  15,  1962 
[Secret  Title] 


INTRODUCTION 

In  addition  to  the  use  of  naval  aircraft,  NRL  has  obtained  flight  support  through  the 
cooperation  of  the  Rome  Air  Development  Center  for  the  evaluation  of  the  Madre  system. 
KC-135  jet  tankers  were  flown  on  round  trips  from  Griffiss  Air  Force  Base,  with  the 
flight  path  chosen  to  be  radial  from  about  600  naut  mi  to  1600  naut  mi  from  the  Madre 
site.  The  KC-135  aircraft  were  equipped  with  NRL  beacon  transponders,  which  were  used 
to  positively  identify  the  aircraft. 

Missions  were  flown  by  the  Air  Force  on  December  7,  9,  and  21,  1961,  and  on  February 
9  and  15,  1962.  Other  successful  missions  have  been  flown  since  February  15;  however, 
this  report  covers  only  the  five  flights  through  February  15;  and  of  these  five,  the  February 
15  flight  was  the  only  one  successfully  tracked.  Failure  to  obtain  information  on  four  of  the 
flights  was  due  to  priority  use  of  the  available  Madre  operating  frequencies  by  naval  com¬ 
munications,  faulty  hf  communication  with  the  aircraft,  radar  system  difficulties,  and  lack 
of  a  suitable  propagation  path  at  the  available  frequencies  during  critical  portions  of  the 
flights. 


KC-135  FLIGHT,  FEBRUARY  15,  1962 

The  Bureau  of  Standards’  propagation  conditions  for  this  date  were  “poor  to  fair” 
between  6  a.m.  and  12  noon  and  “fair  to  good”  12  noon  to  6  p.m.  EST  for  this  area.  This 
flight  was  identified  via  the  beacon  transponders  from  1450  to  about  500  naut  mi.  However, 
skin  detection  of  the  KC-135  was  verifiable  only  on  the  return  flight  from  900  naut  mi  to 
about  500  naut  mi  because  of  interference  on  the  beacon  frequencies  and  rather  abnormal 
ionospheric  conditions.  Ionospheric  conditions  supported  four  reflection  layers.  They 
were  E  sporadic  at  101  km,  critical  frequency  3.8  Me;  E  at  115  km,  critical  frequency 
2.95  Me;  and  Fj  at  200  km  merging  with  F2  at  290  km  with  F2  critical  at  7  Me.  These 
propagation  conditions  provided  r n  opportunity  to  examine  performance  under  severe 
multipath  conditions  and  demonstrated  that  the  range  error  between  paths  is  not  serious. 


The  backscatter  pattern  at  1510  EST  for  the  operating  frequency  13.68  Me  is  shown 
in  Fig.  1.  At  this  time  the  first  hop  backscatter  range  was  560  to  1200  naut  mi  and  was 
actually  made  up  of  refraction  by  the  Es,  E,  and  F  layers  of  the  ionosphere.  The  time  vs 
calculated  range  of  the  KC-135  aircraft  as  determined  from  Air  Force  supplied  position 
data  is  shown  in  Fig.  2. 

Multipath  conditions  are  such  that  if  one  assumes  two  one-way  paths  available,  three 
slant  ranges  are  possible  to  a  given  point.  Thus  energy  can  (a)  go  out  and  return  via  path 
one,  (b)  go  out  and  return  via  path  two,  and  (c)  go  out  via  path  one  and  return  via  path  two 
or  vice  versa.  With  four  one-way  paths  available,  Es,  E,  Ft ,  and  F2  ,  one  can  get  up  to 
ten  possible  slant  ranges,  differing  by  a  small  percentage  error,  for  a  given  ground  range. 
The  ten  paths  are  F2,  F2  +Ft ,  F2+E,  F2+Es,  Flt  F1+E,  F1+Es,  E,  E+Es,  and  Es .  All  paths 
are  equally  probable  with  an  idealized  ionosphere.  It  is  believed  that  all  of  these  appear  in 
the  data  presented  at  least  once  except  F2+Es. 
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Fig.  1  -  Backscatler  intensity  vs 
range  for  13.68  Me  at  1510  EST 
on  February  15,  1962 


Fig.  2  -  Time  vs  great  circle  ground 
range  of  the  KC-135  aircraft  during 
the  round  trip  as  calculated  from  the 
navigator's  position  data 


In  order  to  determine  which  paths  were  present  a  simplified  view  of  the  ionosphere 
was  taken,  in  which  each  layer,  was  assumed  to  be  a  thin  reflecting  shell.  It  is  realized 
that  this  is  an  oversimplified  picture  and  that  the  rays  do  not  actually  travel  the  paths 
described.  But  the  calculations  which  can  readily  be  made  permit  significant  comparisons 
between  signals  to  afford  reasonable  explanation  of  the  seemingly  erratic  scattering  of 
points  in  a  track  acquired  under  multipath  conditions. 

In  these  calculations,  the  earth  was  assumed  to  be  a  perfect  sphere  of  radius  3433.0 
naut  mi,  a  value  chosen  to  minimize  the  spherical-assumption  error  for  the  region  of 
interest.  The  heights  above  the  earth’s  surface  of  the  assumed  concentric  reflecting 
spherical  shells  corresponded  to  the  Bureau  of  Standards  virtual  layer  heights  at  the  time, 
as  determined  by  vertical  incidence  sounding  at  Washington,  D.C.  Transparency  of  the 
lower  layers  was  assumed. 

If  one  neglects  the  aircraft  and  transmitter  heights  above  the  surface  of  the  earth, 
the  ray  diagrams  are  as  shown  in  Fig.  3.  By  the  laws  of  reflection,  ^  =  <£2,  and  since 
OT  =  OX,  triangles  TOP  and  AOP  are  congruent.  Therefore,  6X  =  e2  =  1/2  ground  dis¬ 
tance  and  lY  =  l2  =  1/2  slant  range. 

The  solution  is  obvious  but  is  in  rather  severe  error  because  of  the  actual  heights  of 
aircraft  and  transmitter  above  the  earth.  Figure  4a  shows  the  effect  of  considering  these 
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heights.  The  downgoing  portion  of  each  ray  has  been  foreshortened  by  the  length  of  the 
“shadow”  of  the  aircraft,  and  symmetry  has  been  disturbed.  The  foldover  diagram  in 
Fig.  4b  shows  the  relationship  between  corresponding  components  of  the  triangles  in  this 
condition.  In  this  figure  Ra  is  the  radius  of  the  aircraft  path  (R0  plus  the  flight  altitude), 
Rt  is  R0  plus  the  antenna  height,  Rj  is  R0  plus  the  layer  height,  at  is  the  vertical  angle  of 
departure  of  the  ray  at  the  antenna,  and  aa  is  the  vertical  angle  of  arrival  of  the  ray  at 
the  aircraft. 


Fig.  3  -  Ray  diagram  for  reflection  at  the 
various  ionospheric  layers 


|  For  this  problem,  with  a  known  ground  distance  ( el  +  e2)  one  could  by  successive 

approximation  find  the  slant  range  for  any  assumed  height.  By  doing  this  for  each  of  the 
four  layers  in  turn  at  each  ground  distance  one  could  sort  the  signals  into  the  probable 
responsible  layers.  Alternatively  one  could  take  each  slant  range  +  l2)  and  find  the 
ground  range  for  each  layer  height  in  turn,  and  in  comparison  with  the  navigational  ground 
range  identify  the  probable  layer.  Where  many  signals  are  to  be  sorted,  a  more  straight¬ 
forward  and  equally  valid  method  is  to  trace  out  a  range  separation  vs  slant  range  profile 
for  each  layer  by  assigning  values  to  at  and  solving  for  l  and  9.  The  profiles  of  the  paths 
involving  two  layers  can  then  readily  be  determined  from  the  four  single  layer  profiles, 
since  the  range  separation  for  the  combination  path  is  the  mean  of  the  individual  layer 
separations. 

By  use  of  this  last  method  we  obtained  ten  separation  vs  range  profiles  corresponding 
to  the  ten  possible  paths  and  then  matched  the  data  as  closely  as  possible  to  select  the  most 
probable  path  for  each  signal. 
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In  making  the  calculations  and  the  comparisons  it  was  assumed  that  the  aircraft 
navigator  knew  his  exact  geographical  position;  it  is  realized  this  is  subject  to  an  error 
of  at  least  ±4  miles.  Even  if  the  reported  position  is  absolutely  correct,  time  roundoff 
of  a  half  minute  at  jet  speeds  can  give  a  ±4-mile  error.  Second,  a  spherical  earth  was 
assumed,  which  can  generate  an  error  of  several  miles.  Third,  it  was  assumed  that  the 
combined  accuracy  of  the  Madre  indicator  calibration  and  the  operator’s  interpretation 
was  within  1  mile.  Even  though  the  assumptions  made  are  subject  to  gross  errors  that 
can  add  up  to  +15  miles,  it  was  possible  to  catalog  the  data  into  nine  out  of  the  ten  possible 
paths.  It  is  realized  that  an  oversimplified  picture  of  the  ionosphere  has  been  taken  and 
that  some  of  the  paths  give  ranges  within  2  miles  of  each  other.  This  is  particularly  true 
of  paths  involving  E  and  Es. 

Figure  5  is  a  time  vs  range  plot  showing  the  range  data  taken  as  circles.  The  dashed 
line  originating  at  the  earliest  point  is  the  path  predicted  for  the  aircraft  from  its  velocity 
measured  at  this  time.  The  solid  line  is  the  presumed  actual  path  of  the  aircraft  as  cal¬ 
culated  from  the  navigator’s  record.  All  points  except  the  two  labeled®  are  thought  to  be 
from  the  target  aircraft;  exclusion  of  these  two  will  be  explained  later.  Figures  6a  through 
6i  are  time  vs  range  plots  of  the  observations  grouped  according  to  the  ionospheric  layer(s) 
rendering  the  signals,  as  follows:  6a,  Es;  6b,  Es  +  E;  6c,  E;  6d,  Es  +  Fj  ;  6e,  E  +  ;  6f,  Ft; 

6g,  E  +  F 2  ;  6h,  Fj  +  F2  ;  and  6i,  F2 . 
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Fig.  5  -  Time  vs  range  plot  of  all  data  taken  on  the  KC-135 
aircraft.  The  dashed  line  is  predicted  from  the  velocity- 
measured  at  the  earliest  point  (slant  range);  the  solid  line 
is  calculated  from  the  navigator’s  data  (ground  range).  The 
calculated  radial  speeds  were  376  to  453  knots. 


RANGE  (NAUTICAL  MILES) 

Fig.  6a  -  Time  vs  range  plot  of  points  attributed  to  Es  layer 
reflections.  The  calculated  radial  speeds  were  376  to  434 
knots.  The  crosses  are  predicted  ranges  at  1-minute  inter¬ 
vals  from  the  last  observation. 
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RANGE  (NAUTICAL  MILES) 


Fig.  6d  -  Time  vs  range  plot  of  points  attributed 
to  Es  +  Fj  layer  reflections.  The  calculated  radial 
upeeds  were  413  to  446  knots. 


750 

RANGE  (NAUTICAL  MILES) 


Fig.  6e  -  Time  vs  range  plot  of  points  attributed 
to  E  +  Fj  layer  reflections.  The  calculated  radial 
speeds  were  423  to  426  knots. 
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Fig.  6f  -  Time  vs  range  plot  of  points  attributed  to 
Fj  layer  reflections.  The  calculated  radial  speeds 
were  420  and  426  knots. 
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Fig.  6h  -  Time  vs  range  plot  of  points  attributed  to 
Fj  +  Fj  layer  reflections.  The  calculated  r  a  d i  a  1 
speeds  were  427  to  453  knots. 
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Fig.  6i  -  Time  vs  range  plot  of  points  attributed 
to  Fj  layer  reflections.  The  calculated  r  a  d  i  a  1 
speeds  were  417  to  441>knots. 
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Fig.  7  -  Plot  of  Ar  (slant  range  minus  over-the-ground 
range)  vs  the  slant  range  for  the  data  points  in  compar¬ 
ison  with  calculated  curves  for  the  various  reflection 
paths  involved 


The  basis  for  layer  assignment  in  Figs.  6a  through  6i  is  shown  in  Fig.  7,  a  plot  of  ar 
vs  slant  range,  where  ar  is  slant  range  minus  over-the-ground  range.  Here  the  solid  lines 
represent  geometrically  determined  constant  height  paths,  while  the  circles  represent 
signals  observed.  Layer  assignment  was  made  by  selecting  the  path  nearest  to  each  obser¬ 
vation.  It  is  apparent  that  for  constant  height  reflection  the  range  separation  AR  increases 
with  decreasing  slant  range.  For  single-layer  propagation  conditions  one  would  then  expect 
a  time  vs  range  plot  to  show  the  aircraft  path  and  radar  track  as  diverging  with  decreasing 
range. 

It  is  interesting  to  note  that  the  data  plotted  in  Figs.  5  and  7  clearly  show  the  converse; 
the  minimum  separation  is  about  58  naut  mi  for  slant  ranges  greater  than  800  naut  mi,  while 
for  slant  ranges  less  than  660  naut  mi  the  separation  is  never  greater  than  20  naut  mi.  The 
temptation  to  draw  straight  lines  through  the  points  must  be  avoided,  because  it  can  lead  to 
erroneous  conclusions.  For  example,  from  about  600  miles  to  690  miles  there  are  eleven 
points  which  lie  very  nearly  along  a  straight  line.  Extension  of  this  straight  line  toward 
zero  range  leads  to  the  conclusion  that  there  is  zero  range  separation  at  about  550  naut  mi 
range,  and  that  slant  range  is  less  than  over-the-ground  range  between  550  naut  mi  and 
zero  range,  a  condition  requiring  underground  (tunnel)  operation  of  either  beam  or  aircraft. 
However,  the  apparent  convergence  of  slant  range  and  ground  range  is  readily  explained  on 
the  basis  of  path  selection  if  one  assumes  that  lower  paths  were  responsible  for  reflections 
at  shorter  ranges,  or  that  the  returns  shifted  from  Fj  to  Es  with  all  intermediate  paths  being 
represented.  This  transition  is  to  be  expected  because  of  the  vertical  angle  of  path.  As  the 
ground  distance  decreases,  the  increasing  vertical  angle  approaches1  the  critical  angle,  at 
which  the  layer  stops  reflecting.  Since  the  higher  layers  represent  larger  vertical  angles, 
the  critical  angle  should  be  reached  at  greater  ground  ranges  for  the  upper  layers  than  for 
the  lower  layers,  and  thus  the  beam  would  shift  successively  from  higher  to  lower  layers 
as  the  ground  range  decreases.  i  1 
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Fig.  8  -  Relative  signal  intensity  (nonlinear  scale) 
during  1 -minute  intervals 


Figure  8  is  a  plot  of  the  relative  signal  intensity,  on  a  nonlinear  scale  of  0  to  4,  for  the 
data  separated  into  the  various  paths.  Again  the  layer  succession  from  higher  to  lower  is 
apparent. 


The  all-path  relative  signal  intensity  vs  time  plot  (Fig.  9)  shows  a  decreasing  intensity 
starting  at  about  1447  ESTJ  Although  as  shown  by  the  azimuths  noted  in  the  time  vs  range 
plot,  Fig.  5,  the  aircraft  started  to  turn  away  from  beam  center  rather  rapidly  at  1450  EST, 
the  signal  decline  cannot  be  totally  ascribed  to  the  azimuth  divergence.  Other  factors  are 
undoubtedly  present,  among  them  the  following: 

1.  The  aircraft  was  departing  the  illuminated  region,  since  at  1510  EST  the  start  of  the 
backscatter  was  at  560  nau{  mi  slant  range. 
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Fig.  9  -  Relative  signal  intensity  for  all  paths 


2.  Reflection  was  predominantly  from  E  after  1447  EST,  from  other  layers  before 


that  time. 


A  comparison  between  over-the- ground  range  as  calculated  from  the  navigator’s  data 
and  as  calculated  from  the  radar  and  ionospheric  data  is  plotted  in  Fig.  10.  The  layers 
thought  to  reflect  each  signal  are  indicated  by  the  symbols  as  noted  on  the  plot.  Here  it  is 
seen  that  the  maximum  deviation  is  +13  miles  to  -11  miles,  which  is  in  good  agreement 
with  the  expected  deviation  of  ±15  miles.  The  average  deviation  is  3.28  miles  and  the 
arithmetic  mean  of  all  deviations  is  -0.17  mile^. 


o  E 
$  ES 
E, 

a 

O  UNCERTAIN 


POSITION 

REPORTS 


"NAVIGATIONAL" 
GROUND  RANGE 


4  4  4 


600  700 

GROUND  RANGE  (NAUTICAL  MILES) 


Fig.  10  -  “Error”  is  the  ground  range  derived 
from  the  slant  range  observations  (using  the 
assumed  layer  heights) 
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The  path  length  necessary  for  the  ray  to  travel  upward  to  the  ionosphere  and  down 
again  results  in  indicated  ranges  which  are  always  slightly  greater  than  the  great  circle 
ground  distances  along  the  earth’s  surface  to  the  target. 

Likewise,  since  the  speed  observed  by  the  radar  is  the  in-line-of-beam  component 
of  the  aircraft’s  velocity  relative  to  the  antenna,  and  since  all  rays  except  grazing  arrive 
at  the  aircraft  at  angles  above  the  horizontal,  the  indicated  speeds  should  always  be  less 
than  the  radial  surface  speed.  As  shown  in  Fig.  11,  the  indicated  speed  is  the  radial  sur¬ 
face  velocity  times  the  cosine  of  the  angle  of  arrival  of  the  ray  at  the  aircraft. 


-i 


V„co»  a  •  radar-observed  speed 


Fig.  11  -  Relationship  between  the  measured  speed 
(range  rate)  and  the  ground  speed  of  the  aircraft 


The  radial  ground  velocity  was  computed  from  the  measured  speeds  using  the  cosine 
relationship  with  the  angles  of  arrival  obtained  from  the  ionosphere  computations.  The 
calculated  radial  ground  speed  at  1-minute  intervals  is  plotted  in  Fig.  12.  The  solid  line 
connects  the  average  ground  speed  for  every  active  minute  of  data.  The  navigator’s  data 
gave  an  average  radial  ground  speed  of  424  miles,  the  radar  data  an  average  ground  speed 
of  423  miles.  Since  the  “sampling”  time,  at  20  seconds  per  observation,  was  only  1/3  of 
the  elapsed  time,  this  agreement  is  far  closer  than  expected. 

At  1454  EST  at  ranges  of  571,  600,  and  630  naut  mi  a  target  or  targets  were  indicated 
(Fig.  5).  The  speeds  associated  with  these  ranges  were  390,  399,  and  397  knots,  respectively. 
The  only  way  one  target  can  have  different  simultaneous  slant  ranges  is  to  have  reflection  ! 
from  more  than  one  layer,  with  the  longer  ranges  being  from  higher  layers,  and  at  larger 
angles  of  arrival.  These  higher  rays  must  indicate  lower  speeds.  Although  the  three 
readings  were  taken  sequentially  within  the  minute  and  thus  the  simultaniety  is  not  exact, 
a  rapid  and  drastic  speed  change  would  have  to  be  postulated  to  correlate  the  second  and 
third  readings  v:-a  the  first.  But  since  other  readings  in  the  immediate  vicinity  of  this 
trip.et  showed  highly  cons* stent  speeds,  such  a  change  is  improbable.  All  other  multiple 
signals  in  the  data  conLn  m  to  the  inverse  range-speed  relationship,  and  indeed  the  second 
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RADIAL  GROUND  SPEED  PROM  OBSERVATIONS  (KNOTS) 

Fig.  12  -  Radial  ground  speeds  computed  from  measured 
speeds  as  shown  in  Fig.  11 


and  third  points  of  this  triplet  conform  internally.  Therefore,  it  has  been  concluded  that 
these  two  points  cannot  be  from  the  target  aircraft.  Except  for  these  two  points,  the  data 
are  too  consistent  to  consider  that  thay  are  from  anything  but  one  target. 

Figures  13  and  14  together  with  Fig.  10  comprise  a  check  on  the  internal  consistency 
of  the  data.  Plotted  here  are  the  navigation  ground  range  as  zero  deviation.  As  described 
earlier,  Fig.  10  represents  the  error  in  ground  range  vs  ground  range,  as  inferred  from 
indicated  (slant)  ranges  with  an  idealized  four-layer  ionosphere.  This  plot  is  independent 
of  speed  observations.  Figure  13  is  the  ground  range  error  vs  ground  range  of  a  hypothet¬ 
ical  aircraft  which  was  chosen  to  be  at  the  target  aircraft’s  position  at  the  time  of  the  first 
observation,  and  whose  position  was  varied  each  minute  consistent  with  the  most  recent 
speed  observation.  Since  the  indicated  speeds  are  slightly  lower  than  true  radial  surface 
speeds,  this  plot  has  to  show  a  positive  error  (ranges  greater  than  “true”  ranges)  for  an 
approaching  target.  This  plot  is  independent  of  range  observations.  Figure  14  was  con¬ 
structed  in  like  manner,  except  that  instead  of  using  indicated  speeds  the  calculated  radial 
surface  speeds  were  used  to  vary  the  aircraft’s  position.  The  calculations  to  obtain  these 
speeds  were  based  on  both  range  and  speed  observations,  and  this  plot  is  considered  a 
reasonable  composite  of  the  range-derived  and  speed-derived  plots.  Ranges  at  which  the 
aircraft  calculated  and  reported  its  positions  are  indicated  by  short  vertical  lines  on  the 
plot,  since  these  may  be  construed  to  be  the  ranges  at  which  the  “0”  error  for  navigational 
ground  range  is  most  nearly  correct. 
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Fig.  13  -  “Error"  in  the  ground  range  derived  from 
range  rate  observations 


Fig.  14  -  “Error”  in  the  ground  range  derived  from 
calculated  radial  ground  speeds 


The  arithmetic  mean,  average  deviation,  and  standard  deviation  of  Figs.  10,  13,  and 
14  are  shown  in  Table  1.  It  is  seen  that  range  and  speed  observations,  taken  separately 
or  together,  yield  target  position  information  which  is  well  within  the  ±15-naut-mi 
“probable  error"  estimate. 
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Table  1 

The  Mean  and  Deviations  of  Figs.  10,  13,  and  14 


Position  Information 
Source 

Arithmetic  Mean 
of  Errors 
(naut  mi) 

Average 
Deviation 
(naut  mi) 

Standard 
Deviation 
(naut  mi) 

Speed  Observations  (Fig.  13) 

+3.11 

3.11 

3.87 

Range  Observations  (Fig.  10) 

-0.17 

3.28  x 

4.19 

Composite  (Fig.  14) 

-0.9255 

1.54 

1.91 

Two  receiver  terminal  target  signal  levels  were  measured.  At  655  naut  mi  a  signal 
level  of  5  f±v  was  recorded.  At  602  naut  mi  a  signal  level  of  10  Mv  was  recorded.  Using 
these  measurements  one  can  calculate  the  target  cross  section  a  by  use  of 

Pr  (4tt)3R4 
a  =  - —  i - - - 

PT  G2\2 

where  PR  is  the  power  received,  pTis  the  power  transmitted,  R  is  the  range,  G  is  the 
antenna  gain  and  X.  is  the  wavelength.  The  antenna  gain  was  corrected  for  the  calculated 
angle  of  arrival,  but  path  loss  over  free  space  was  not  taken  into  account.  The  computa¬ 
tions  gave  equivalent  target  areas  of  21  and  56  square  meters. 

The  pattern  of  the  antenna  gain  is  determined  by  the  free  space  pattern  as  altered  by 
the  ray  reflected  from  the  ground  and  being  alternately  in  phase  and  out  of  phase  as  the 
vertical  angle  is  increased.  The  calculated  antenna  pattern  vs  over -the -ground  range  for 
an  aircraft  flying  at  30,000  feet  and  the  ionospheric  height  used  before  is  shown  in  Fig.  15. 
This  pattern  has  been  verified  using  the  moon  as  a  target;  the  nulls  of  the  antenna  occur 
at  the  calculated  points.  This  supports  the  selection  of  ionospheric  heights  used  before 
except  for  five  points  involving  F  ,  between  650  and  700. miles  ground  range.  Since  a  null 
of  the  pattern  occurs  at  this  position  one  has  to  postulate  a  different  ionospheric  height  or 
that  the  ionosphere  introduces  additional  phase  shift  and/ or  attenuation  in  one  or  both  of  the 
rays  to  smear  this  pattern.  However,  the  agreement  of  over-the-ground  range  and  aircraft 
average  velocity  leads  one  to  support  the  smearing  of  the  vertical  pattern  when  the  iono¬ 
sphere  is  used  to  obtain  over-the-horizon  detection.  The  gains  shown  are  for  both  of  these 
rays  being  treated  identically  in  their  passage  through  the  ionosphere.  An  aircraft  detected 
over-the-horizon  should  have  a  multilobe  structure  of  its  own  superimposed  on  the  main 
lobe  structure  of  the  radar  antenna.  There  are  four  rays  that  can  reach  the  aircraft,  as 
shown  in  Fig.  16.  These  give  rise  to  a  multilobe  structure  as  shown  in  Fig.  17.  If  this 
condition  were  present  one  would  expect  a  fade  on  this  aircraft  at  about  1-minute  intervals. 
The  envelope  of  the  lobe  pattern  would  be  the  same  shape  as  in  Fig.  15  and  this  would  give 
an  additional  12-db  system  gain  at  the  maxima  of  the  lobe  structure.  Since  the  fast  fades 
were  not  observed  on  this  target,  although  they  have  been  observed  on  some  targets,  one 
can  support  the  theory  that  the  ionosphere  did  smear  the  vertical  antenna  pattern  and, 
therefore,  that  the  paths  chosen  are  probably  correct.  ’  V 


REMARKS 

The  data  presented  have  shown  that  in  conditions  of  multipath  propagation  to  a  target 
it  is  possible  to  resolve  the  paths  and  to  obtain  good  over-the-ground  ranges  to  targets 
and  good  true  radial  speed  from  the  measured  values.  Multipath  conditions  do  present 
secondary  problems,  but  the  errors  are  smaller  than  the  pulse  length  equivalent  in  miles. 
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Fig.  15  -  Antenna  gain  as  referenced  to  the  free  space  gain 


Fig.  16  -  Ray  diagram  of  a  single -layer  reflection 
showing  four  paths  to  the  aircraft 
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Fig.  17  -  Fine  lobe  structure  resulting  from 
the  four  paths  of  Fig.  16 
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